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Materials and methods
A 2 × 3 × 2 factorial experiment was conducted at the Horticultural Experiment Farm at the Russell E. Larsen Agricultural Research Center, Rock Springs, Pa. The soil was a Hagerstown silt loam (mesic Typic Hapludalfs) with no history of ericaceous plantings. Treatment factors consisted of two mycorrhizal treatments (inoculated vs. noninoculated), three preplant soil amendment treatments (forest litter, sawdust, and no amendment) and two labeled-N treatments (0 or 0.1 g 15 N labeled (NH 4 ) 2 SO 4 / plant). Inoculated and uninoculated plots were separated by a 3 m buffer zone to reduce potential cross contamination during the experiment. Treatments were arranged in a split-plot design with five replications, all of which were trickle irrigated. Plots were overlaid with silver surfaced-black base 0.03 mm polyethylene film. Soil amendment and labeled N treatments were randomly assigned within the main plot (mycorrhizal treatments). The organic amendments (forest litter and rotted sawdust) were mixed with soil from each planting hole at a 1:1 (by volume) ratio before fumigation. Forest litter was collected from a private oak (Quercus L. sp.) forest with an understory of mixed ericaceous species in the Bald Eagle Valley in central Pennsylvania. Rotted sawdust was 4 years old, and made up primarily of oak. The C to N ratio of each organic amendment was determined by using a EA 1108 Elemental Analyzer (FISONS Instruments S.P.A., Rome).
Because the fungi that form the ericoid mycorrhizal symbiosis are ubiquitous, and capable of living saprophytically in soils Ericoid mycorrhizal fungi can degrade organic N and transfer it to mycorrhizal plants in experiments in controlled environments (Abuzinadah and Read, 1986; Read, 1991; Read et al., 1989) . Degradation of organic N sources such as proteins relies on acid extracellular protease produced by ericoid mycorrhizal fungi Read, 1991) . It is hypothesized that external hyphae of infected root cells provide channels for transfer of organic N compounds such as amino acids and short peptides to the host plants Read, 1985, 1986; Stribley and Read, 1980) . These two important aspects of ericoid mycorrhizal function have been regarded as essential mechanisms for N nutrition of ericoid mycorrhizal hosts in acidic organic soils (Read, 1991) . A recent study suggested that ericoid mycorrhizae enabled the host plants to access soil organic N sources under natural conditions (Michelsen et al., 1996) . Although the role of ericoid mycorrhizae in host N use seems to be well defined in natural ecosystems, it is not known whether this mechanism exists or if it is important in agroecosystems.
Production of highbush blueberry (Vaccinium corymbosum L.) in mineral soils has relied on soil acidification, organic mulch, and preplant soil amendments (Gough et al., 1977; Goulart et al., 1996b) . Surveys in such production systems have found large variation of mycorrhizal infection levels (Boyer et al., 1982; Goulart et al., 1993; Jacobs et al., 1982) , which may be the result of the combined effects of soil pH, N fertilizer inputs, and organic matter source among different sites (Stevens et al., 1996) . A diverse fungal symbiont community has also been isolated and identified in these production systems (Stevens et al., 1996) . Field studies have demonstrated that mycorrhizal infection levels are affected by N application rates and organic mulch (Goulart et al., 1995a (Goulart et al., , 1996a . A preliminary field inoculation study by the (Barron, 1962) , the entire experimental plot was fumigated with a 67 methyl bromide : 33 chloropicrin (v/v) mixture at the rate of 560 kg·ha -1 , which is sufficient to eliminate indigenous ericoid mycorrhizal fungi in the soil and/or in the organic amendments . Two weeks after fumigation, the soil pH at each planting hole was determined and the amount of elemental sulfur (S) powder needed to decrease soil pH to 5.0 was calculated and mixed into each planting hole. It was found that mixing elemental S powder into the soil following fumigation was effective to decrease soil pH to the desired value . Following the S amendment, 'Elliott' highbush blueberry plants, which had been propagated by rooting meristem tip cultured blueberry shoots in acid-washed sand, were produced as described previously (Yang and Goulart, 1997) , acclimatized in the greenhouse, and transplanted in the field on 28 June 1998. The within row spacing was 2 m and between row spacing 3 m. There were a total of 60 plants with no guard row being planted.
Mycorrhizal inocula were prepared by growing a pure strain of Oidiodendron maius (UAMH 9263), isolated previously from the roots of a local native lowbush blueberry (V. angustifolium L.) population (Stevens et al., 1996) in liquid Mitchell-Read medium (Mitchell and Read, 1981) . The 20-d-old liquid fungal culture was filtered through Whatman No. 1 paper. Fungal mycelia were washed with sterile distilled water five times and macerated in 100 mL of sterile distilled water using a blender. Plants were inoculated during planting by evenly pouring 20 mL of macerated fungal mycelia [20 mg dry weight (DW)] on the root system over the planting hole. Control plants received 20 mL of sterile water. Fungal inocula killed by autoclaving were not used as a control, because mineral nutrients released from the dead fungal material would add some nutrients to the soil. We determined that the mycelia used in our experiment contained about 7% N.
For 15 N-treated plants, 20 mL of a solution containing 0.1 g of ( 15 NH 4 ) 2 SO 4 (>98% 15 N, Cambridge Isotope Laboratories, Andover, Mass.) was applied to a 5 cm radius area of the root zone around each plant, covered with 1 cm of soil, and protected by a 30 × 30 cm piece of the same polyethylene film used to cover the plot. The 0 15 N-labeled N control plants received only 20 mL of sterile distilled water. There was no other N fertilizer applied during the experiment. The treatment was applied on 28 Aug. 1998 (2 months after planting/inoculation). The leaf 15 N enrichment was expressed as atom percentage excess instead of percentage 15 N nitrogen derived from labeled fertilizer (%NDFF) since the applied labeled-N was almost 100% enriched.
Immediately following planting and inoculation, plant height, canopy width, and foliage density were recorded as initial growth variables. Initial canopy growth index was then calculated by multiplying initial canopy volume by foliage density (Yang and Goulart, 1997) . Leaf photosynthetic rate, transpiration, and stomatal conductance were measured weekly on two fully expanded young leaves per plant from 0900 to 1100 HR during the growing season using a portable infrared gas analyzer (Analytical Development Co., London) and composite data from the last two measurements in the growing season were used for final analysis. One month after 15 N treatment (28 Sept. 1998), plant height, canopy width, foliage density, and leaf color were determined as described in previous studies (Yang and Goulart, 1997; . Final canopy growth index was calculated again. Plants were then excavated and root systems cleaned by gently immersing them in buckets of water and removing manually organic particles associated with the root system. Root system widths, depth, and density (rated on a 1-5 scale, 1 = sparse, 5 = dense) were recorded and a root growth index was derived by multiplying root system volume by root system density (Yang and Goulart, 1997) . To assess root mycorrhizal infection levels, small amounts of new roots of similar age taken uniformly around the root system of each plant were stained using trypan blue; mycorrhizal infection levels were then determined using a gridline intersect technique (Giovannetti and Mosse, 1980) All data were analyzed using general linear model (GLM) procedures of SAS (SAS Institute, Inc., 1992) . Mycorrhizal infection data were arcsin transformed before analysis of variance (ANOVA), but the original nontransformed means are presented. The final growth variables were analyzed by covariate analysis using the initial canopy growth index as a covariate to account for variation caused by initial plant sizes at planting. Mean separations were conducted by Duncan's multiple range test. For treatment interactions, least square means were compared by using Bonferroni adjustment (Ravindra and Naik, 1999) . 
Results

PLANT GROWTH.
Mycorrhizal inoculation significantly affected total plant DW, shoot DW, canopy growth index, and mycorrhizal infection level (Table 1 ). The first order interactions between soil amendment and N treatment were significant for all parameters except root to shoot ratio and leaf color. There were also mycorrhizal inoculation × soil amendment and soil amendment × N interactions for mycorrhizal infection levels; however, there were no other first order interactions between mycorrhizal status and soil amendment or mycorrhizal status and N treatment. No second order interactions were observed for any parameter.
Mycorrhizal plants had more total DW, shoot, and root DW than nonmycorrhizal plants ( Table 2 ). The canopy growth index was also larger in mycorrhizal than nonmycorrhizal plants, however, root to shoot ratio, and root growth index were not different between mycorrhizal and nonmycorrhizal plants. Plants treated with both forest litter and 15 N had the highest total DW, shoot and root DW as well as the largest root and canopy growth index. Plants treated with the rotted sawdust amendment had the lowest total DW and shoot DW and smaller canopy growth index, regardless of N treatment. For plants growing in soil without any amendment, total plant DW, shoot and root DWs, and canopy growth index were higher than those growing in the rotted sawdust amendment, except for root DW of plants amended with rotted sawdust and 15 N. No treatment interactions were observed for leaf photosynthetic rate (A), transpiration (TR), and water use efficiency (WUE) ( Table 3) . Neither mycorrhizal inoculation nor N affected A, TR, or WUE (P > 0.05). However, plants treated with 15 N had darker leaf color than those without 15 N. Plants treated with the forest litter amendment had the highest A, WUE, and leaf color rating among soil amendment treatments. Plants in soil with no amendment had higher WUE and darker leaf color than those with the rotted sawdust amendment.
Plants with mycorrhizal inoculation had higher mycorrhizal infection levels, while the infection level in plants without inoculation was minimal (Table 4) . Among inoculated plants, mycorrhizal infection level was lower in plants amended with rotted sawdust compared to forest litter or no amendment. The interaction between N and soil amendment for mycorrhizal infection level revealed that higher infection was obtained with the addition z Root and canopy growth indices were calculated by multiplying root or canopy volume by root system or foliage density. Root system and foliage density were rated subjectively based on a 1-5 scale (1 = sparse, 5 = dense) (Yang and Goulart, 1997) . y Effect was adjusted using covariate except for dependent variable of leaf color. M = mycorrhizal, NM = nonmycorrhizal, N = labeled N treatment, SA = soil amendment, and NA = not applicable, because N and soil amendment did not interact.
x P (F) values indicate significance level. w For N × SA interactions, least square means were Bonferroni adjusted (Ravindra and Naik, 1999 (Table  5) . Effects of soil amendment and N were significant for all the Nrelated parameters except for the effect of N treatment on total nonlabeled leaf N content. There were no significant interactions between mycorrhizal inoculation and soil amendment. However, the interactions between mycorrhizal inoculation and N, and soil amendment and N were significant for leaf 15 N enrichment. The interactive effect of soil amendment and N was also significant for leaf 15 N content. The second order interaction was not significant for any of the N-related parameters.
There was no difference in leaf N concentration between mycorrhizal treatments (Table 6 ). However, labeled-N-treated plants had higher leaf N concentrations than control plants. Plants amended with rotted sawdust had lower leaf N concentrations Mycorrhizal plants had higher total leaf N and nonlabeled leaf N content than nonmycorrhizal plants (Table 7) . Plants receiving 15 N had more total leaf N content but not nonlabeled N content. Application of forest litter amendment resulted in the highest total leaf N content and nonlabeled N content followed by no amendment and rotted sawdust amendment. There was no difference in leaf 15 N content between mycorrhizal and nonmycorrhizal plants.
Discussion
PLANT GROWTH. Effects of ericoid mycorrhizal inoculation on growth of blueberry have been inconsistent among various studies. While inoculation increased blueberry growth in the field (Powell and Bates, 1981) , mycorrhizal inoculation with pure cultured Hymenosyphus ericae showed little effect on plant growth in vitro and in greenhouse studies (Reich et al., 1982) . Inconsistent effects of mycorrhizal inoculation may have occurred from lack of appropriate nonmycorrhizal controls or the source of inoculum used in the aforementioned studies. In the current study, mycorrhizal inoculation increased plant DW and most other growth parameters (Table 2) . However, leaf photosynthetic rate, transpiration, and water use efficiency were not significantly affected by mycorrhizal inoculation (Table 3) . This is somewhat surprising, since some studies have reported increased leaf photosynthetic rates as a result of ectomycorrhizal infection due possibly to C drain to support the mycorrhizal fungi (Dosskey et al., 1990) . Ericoid mycorrhizae, however, are capable of transferring C and N simultaneously to the host plants, when using organic sources of N such as amino acids (Stribley and Read, 1974b) , therefore the C drain may be offset in part by this small gain. The increased DW in mycorrhizal plants may have been a combination of increased mineral nutrient acquisi- (Ravindra and Naik, 1999) . Mean separation within column by Duncan's multiple range test at P = 0.05.
tion and less C drain from the host (Read, 1991; Read et al., 1989) , and/or a lower C cost per unit of nutrient (e.g., N) return in ericoid mycorrhizal symbiosis. Rotted sawdust mulch and/or soil amendments have been shown to increase growth and yield of highbush blueberry (Goulart et al., 1995b) . However, an early study found that use of rotted sawdust amendment following soil fumigation suppressed highbush blueberry growth in the first growing season, suggesting that soil organic amendment might have affected mineralization of soil N ). In the current study, such a possibility was explored further by using a forest litter amendment and rotted sawdust. Clearly, forest litter increased plant DW and size, leaf photosynthetic rate, and WUE. In contrast, plant growth and leaf photosynthetic rate were significantly reduced by rotted sawdust, supporting findings of the earlier study of Yang et al. (1998) . The quality of organic amendments can greatly affect soil N mineralization processes. It is generally believed that the C to N ratio of the organic materials in soils is one of the most deciding factors (Ravindra and Naik, 1999) . Mean separation within column by Duncan's multiple range test at P = 0.05. affecting soil N mineralization (Tate, 1995) . Organic material with a C to N ratio <30:1 would result in net N mineralization (Tisdale et al., 1993) . The C to N ratios of the forest litter and rotted sawdust were 19:1 and 59:1 respectively. It is likely that the decomposing forest litter released more N available for plant uptake while decomposition of rotted sawdust contributed little available N, and immobilized mineralized soil N, thus resulting in the growth differences between these two organic amendments. To compensate for the N used by microbes to decompose rotted sawdust, additional N fertilizer is required to sustain plant growth. This is why more fertilizer N is recommended commercially if rotted sawdust is used as organic mulch (Goulart et al., 1995b) . However, the question of how much more N should be applied according to the C to N ratio of the organic material still remains unanswered. One needs to realize that the current study employed a manipulated system to address issues related to commercial blueberry production. The soil fumigants used at a high lethal rate in the current investigation had effectively eradicated indigenous mycorrhizal fungi, including those present in the organic amendments . Thus, it was unlikely for the forest litter to provide potential mycorrhizal inocula during the experiment. The high rate of fumigants probably also eliminated soil S oxidizing bacteria, but these bacteria could be highly inducible at the presence of a large amount of elemental S in the soil (Tate, 1995) . As observed in the current study, following soil fumigation, the pH in soils incorporated with elemental S powder was decreased from 6.5 to 5.2 on average at the end of a 3-month period, which was consistent with a previous study . Because the soil saprophytes and nitrifiers may have also been destroyed after soil fumigation, it was possible that the N mineralization processes were carried out mainly by ericoid mycorrhizal fungi, which are capable of functioning as soil saprophytes to break down soil organic matter, proteins, and peptides via production of a variety of extracellular enzymes Read, 1991) . Furthermore, mycorrhizal roots are able to take up organic forms of N such as amino acids and small peptides, and transport them to the host plants . However, the effectiveness of mycorrhizal fungi on N mineralization and plant N uptake may depend on the mycorrhizal fungal species and the intensity of mycorrhizal infection.
MYCORRHIZAL INFECTION LEVEL. Overall, mycorrhizal infection levels observed in the current study were comparable to our previous field study but higher than our greenhouse studies (Yang and Goulart, 1997; Yang et al., 1996) . These were probably due to use of the same or different fungal species among these studies and/or the other experimental conditions. Mycorrhizal infection levels can also be affected by soil N availability. Studies in controlled environments and the field have found that low N levels (20 mM N) increase mycorrhizal infection (Goulart et al., 1995b (Goulart et al., , 1996a Stribley and Read, 1976) . It is believed that the ability of ericaceous plants to forage for N is increased by mycorrhizal infection, especially under 20 mM N (Stribley and Read, 1976) . However, if soil available N is so low that it reduces plant growth, establishment of the mycorrhizal association may be affected. In the current study, mycorrhizal infection level was reduced in plants treated with rotted sawdust compared to those treated with forest litter or no amendment. This reduction in mycorrhizal infection level may be the result of N stress to plants caused by sawdust decomposition. In our previous field studies, lower mycorrhizal infection levels were found when plants were mulched using rotted sawdust (Goulart et al., 1995b) . A follow-up study suggested that sawdust amendment decreased total root length, which resulted in a decrease in mycorrhizal infection levels .
Nitrogen deficiency in plants may contribute to low root carbohydrate content which lowers infection levels in vesiculararbuscular mycorrhizal associations (Hepper, 1983; Same et al., 1983 ). In the current study, the limited N supply to the host plants could have resulted in a reduced C supply to support mycorrhizal association, thus leading to a reduced mycorrhizal infection level. Similarly, addition of N to the soil with the forest litter amendment could alleviate competition for soil N during organic matter decomposition and increase root C supply, thus resulting in a higher mycorrhizal infection level. LEAF 15 N ENRICHMENT AND CONTENT. Plants treated with mycorrhizal inoculation, labeled N, forest litter, and no amendment showed sufficient leaf N concentrations compared to leaf N standard (1.7%) in highbush blueberry. Nonmycorrhizal plants and the plants treated with no labeled N and rotted sawdust were deficient in their leaf N concentrations. Because total plant N content was not determined, whole plant N uptake can not be discussed. Also, since highly enriched labeled N fertilizer was used during the experiment, much of the discussion deals with leaf N concentration and leaf 15 N content. In the current study, leaf N concentration was the same for mycorrhizal and nonmycorrhizal plants. When labeled inorganic N was applied, mycorrhizal plants accumulated less labeled N in their leaves. This reduction in leaf 15 N enrichment in mycorrhizal plants yields several possible explanations. First, mycorrhizal plants may have acquired more available soil N (labeled or nonlabeled N) than their nonmycorrhizal counterparts, thus resulting in a dilution in leaf 15 N enrichment. Secondly, the pool of soil inorganic N may have been increased by mycorrhizal inoculation (e.g., by increasing organic matter decomposition and N mineralization), resulting in lowered enrichment in soil inorganic N pool. Finally, as suggested by Stribley and Read (1974a) in their 15 N labeling experiment, the decrease in leaf 15 N enrichment due to mycorrhizal infection suggests that mycorrhizal plants were able to access nonlabeled soil organic N before ammonification. Similarly, in our study, less leaf 15 N enrichment in mycorrhizal plants may indicate that more nonlabeled soil N was acquired in mycorrhizal than in nonmycorrhizal plants, which was indeed supported by the higher nonlabeled leaf N content in mycorrhizal plants. Since applied inorganic N was labeled, nonlabeled N must derive from soil organic N sources or from inorganic N mineralized from these organic N sources. In a series of laboratory studies, it was concluded that only mycorrhizal plants were able to use organic N sources Read, 1985, 1986; Read, 1991; Stribley and Read, 1980 ). In the current field study, we demonstrated the possibility that mycorrhizal blueberry plants could acquire more nonlabeled soil N either from mineralized N from organic sources or directly from soil organic N sources.
Differences in leaf N concentration and leaf
15
N enrichment between plants exposed to the two soil amendments support further the C to N ratio theory discussed earlier. Because there was less leaf 15 N enrichment in plants amended with forest litter, more organic N could be available for plants treated with the forest litter amendment. Similarly, more leaf 15 N enrichment in plants amended with rotted sawdust meant less available organic N was present in the soil, possibly due to N immobilization.
The organic amendments used in the present study clearly affected plant growth and ability to forage for soil N. However, the role of mycorrhizal fungi in the decomposition of organic amendments and the release of organic N was not clear (i.e., no interaction between mycorrhizal inoculation and soil amendment). This may have been due to the complicating fact that under field conditions, other soil microbes may have affected the processes of organic matter decomposition and N mineralization, even though their effects on these processes would be minimized following soil fumigation. It may also be that decomposition of organic materials in the soil takes a longer time than the oneseason span of this experiment. In mineral soil production systems, it is clear that we have to consider the quality (i.e., chemical properties) of the organic mulch and/or amendment. As demonstrated in the current study, if more N is not added, an organic amendment with a high C to N ratio (>30:1) reduces plant growth, probably by immobilizing soil N. Fertilizer N applied in such conditions may be used by soil microbes (including mycorrhizal fungi) to decompose C rich organic matter rather than by plants. Therefore, organic mulch or amendments with lower C/N ratios (<30:1) should be considered in these production systems. Because mycorrhizal infection clearly gives the host plant an advantage in acquiring soil N, isolation and identification of competitive ericoid mycorrhizal strains with high N forage ability warrants further study.
